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Marion Schumacher1, Christian Schuster1, Zbigniew M. Rogon2, Tobias Bauer2, Nevisa Caushaj1,
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Previous studies demonstrated that fibroblast-derived and JUN-dependent soluble factors have a crucial role
on keratinocyte proliferation and differentiation during cutaneous wound healing. Furthermore, mice with a
deficiency in Jun N-terminal kinases (JNKs) , JNK1 or JNK2, showed impaired skin development and delayed
wound closure. To decipher the role of dermal JNK in keratinocyte behavior during these processes, we used a
heterologous coculture model combining primary human keratinocytes and murine fibroblasts. Although
cocultured JNK1/JNK2-deficient fibroblasts did not affect keratinocyte proliferation, temporal monitoring of
the transcriptome of differentiating keratinocytes revealed that efficient keratinocyte differentiation not only
requires the support by fibroblast-derived soluble factors, but is also critically dependent on JNK1 and JNK2
signaling in these cells. Moreover, we showed that the repertoire of fibroblast transcripts encoding secreted
proteins is severely disarranged upon loss of JNK under the coculture conditions applied. Finally, our data
demonstrate that efficient keratinocyte terminal differentiation requires constant presence of JNK-dependent
and fibroblast-derived soluble factors. Taken together, our results imply that mesenchymal JNK has a pivotal
role in the paracrine cross talk between dermal fibroblasts and epidermal keratinocytes during wound
healing.
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INTRODUCTION
Re-epithelialization is an essential process during cutaneous
wound healing, being responsible for permanent wound
closure and restoration of the barrier function of the skin. It
relies on keratinocyte migration at the wound margin as well
as on a delicate balance of proliferation and differentiation of
keratinocytes behind the leading edge (Singer and Clark,
1999; Gurtner et al., 2008). Re-epithelialization is modu-
lated by direct cell–cell (Waelti et al., 1992) and cell–matrix
interactions (Gailit and Clark, 1994; Fuchs, 2007; Connelly
et al., 2011) as well as by paracrine communication
between matrix-embedded dermal fibroblasts and epidermal
keratinocytes through soluble cytokines or growth factors
(Maas-Szabowski et al., 1999; Werner and Smola, 2001;
Werner et al., 2007). Keratinocyte-derived IL-1a stimulates
the activity of the transcription factor activator protein-1 (AP-1)
subunit JUN in adjacent fibroblasts, which in turn initiates the
synthesis and release of JUN-dependent soluble factors that
ultimately alter keratinocyte behavior (Szabowski et al., 2000;
Angel et al., 2001; Florin et al., 2005).
Jun N-terminal kinases (JNKs) are important regulators of
JUN activation via phosphorylation (Minden and Karin, 1997;
Davis, 2000; Weston and Davis, 2007). JNK proteins are
encoded by three genes: Jnk1, Jnk2, and Jnk3. Although Jnk1
and Jnk2 are ubiquitously expressed, Jnk3 expression is
restricted to the brain, heart, and testis (Chang and Karin,
2001). Lack of JNK in Drosophila melanogaster results in
defective dorsal closure during development, which serves as
a model for embryonic wound healing (Sluss et al., 1996;
Martin and Parkhurst, 2004), and the deficiency of JNK1 and
JNK2 in mice causes early embryonic lethality owing to
defective neural tube morphogenesis (Kuan et al., 1999;
Sabapathy et al., 1999). During mouse embryogenesis JNK
has an important role for epithelial development in the
epidermis, intestine, and lung, and for eyelid closure
(Weston et al., 2004). Moreover, it regulates formation of
adherens junctions in epithelial cells (You et al., 2013).
Complete individual JNK1 or JNK2 deletion in mice
revealed an impact of both kinases on skin development
associated with a JNK-dependent expression of epidermal
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growth factor and a role of JNK1 during cutaneous wound
healing (Weston et al., 2004; Koehler et al., 2011). Although
these data strongly suggested a critical contribution of JNK to
cutaneous wound healing, the cell type–specific role of JNK in
different compartments of the skin remains elusive. As the JNK
target JUN was found to have a crucial role in the mesench-
ymal-epithelial interplay during wound healing, we hypothe-
sized that JNK may have a similar critical role in the stromal
control of re-epithelialization.
Feeder-layer cocultures of primary human keratinocytes and
immortalized mouse embryonic fibroblasts (MEFs) revealed
that JNK-deficient fibroblasts influence keratinocyte differen-
tiation but not proliferation. Consequently, we adapted the
transwell keratinocyte–fibroblast coculture system to study the
influence of fibroblast-derived secreted factors on keratinocyte
terminal differentiation in detail. We confirmed the supportive
effect of fibroblast-derived factors that strictly depends on JNK
function. By global gene expression profiling, we compared
transcripts differentially expressed in wild-type and JNK-
deficient fibroblasts. In addition, the repertoire of fibroblast-
derived soluble factors whose expression is influenced by the
cross talk of fibroblasts and differentiating keratinocytes was
identified. Comparing the repertoire of wild-type and JNK-
deficient fibroblasts revealed a severe disarrangement of the
expression pattern of trancripts encoding soluble factors.
Finally, we demonstrated that efficient terminal keratinocyte
differentiation requires constant supply with JNK-dependent
fibroblast-derived soluble factor(s).
RESULTS
JNK-dependent soluble fibroblast factors promote efficient
keratinocyte differentiation
The importance of JUN-dependent growth factors for kerati-
nocyte proliferation and differentiation was demonstrated
previously (Szabowski et al., 2000; Florin et al., 2005). To
decipher the impact of mesenchymal JNK1 and JNK2 on
epithelial growth and differentiation, we cocultured
keratinocytes with wild-type (wt) or Jnk1/Jnk2-double
knockout (dKO) MEFs for 3 days and then stained them,
either for Ki67 to determine the proliferation index of the
keratinocytes (Figure 1a) or for the early keratinocyte differ-
entiation marker keratin 10 (K10) (Figure 1b). Although the
proliferation index of keratinocytes cocultured with JNK-
deficient fibroblasts was slightly increased as compared with
wt cocultures, expression of K10 was reduced. In addition,
expression of the differentiation marker involucrin (IVL) was
almost absent in keratinocytes when cocultivated with dKO
fibroblasts for 2 days (Supplementary Figure S1a online).
Next, we adapted the coculture system to specifically
investigate the influence of fibroblast-derived soluble factors
on terminal differentiation by applying confluent keratinocyte
droplets and physical separation of fibroblasts and keratino-
cytes via transwell devices (Supplementary Figure S2a online).
Immunofluorescence staining of keratinocyte islands cultured
in the absence of fibroblasts for 6 days (Figure 1c, left panel)
revealed an island architecture of cells arranged in groups, of
which many were positive for K10 but only very few were
positive for loricrin (LOR). Keratinocytes expressed low levels
of transcripts encoding differentiation markers such as K10,
LOR, and filaggrin (FLG). Expression gradually increased over
time until day 6 of cultivation with an induction of 3.7-fold,
7.1-fold, and 4.3-fold for K10, FLG, and LOR, respectively,
(Figure 1d, open bars) presumably triggered by the culture
conditions. Yet, monocultured keratinocyte islands did not
terminally differentiate even when the culture period was
expanded to 8 days (data not shown), which is in line with the
well-established dependency of epidermal histogenesis on
fibroblasts (Fusenig, 1994).
When inserts of the transwell device loaded with wt
fibroblasts were added and renewed every second day for a
duration of three cultivation periods (triads; Supplementary
Figure S2a online), keratinocyte terminal differentiation was
strongly promoted. The number of K10-positive cells was
increased, and condensed ridges with many terminally differ-
entiated LOR-positive keratinocytes were found within the
islands (Figure 1c middle panel and Supplementary Figure S2b
online). The formation of condensed ridges in our modified
system was different from the structures seen in traditional
transwell or feeder-layer cocultures in which proliferating and
migrating cells surround small keratinocyte islands whose
differentiated central cells form dome-like structures (Florin
et al., 2005). This difference may be explained by the size and
architecture of the keratinocyte islands. Quantitative reverse
transcription-polymerase chain reaction in real time (qPCR)
analysis confirmed the powerful induction of transcript levels
encoding differentiation markers after 6 days of coculture as
being 7.7-fold, 39.1-fold, and 38.2-fold for K10, FLG, and
LOR, respectively (Figure 1d, filled bars).
Next, we applied dKO fibroblasts (Sabapathy et al., 2004) to
the system and monitored keratinocyte proliferation and
differentiation. Although the proliferation index of the
keratinocytes in the modified system was not significantly
different (Supplementary Figure S3 online), keratinocyte
islands of dKO cocultures showed a reduced amount of
LOR- and K10-positive cells being located in much less
condensed ridges (Figure 1c, right panel). Compared with wt
cocultures, the transcript levels of differentiation markers
showed a much lesser increase over time (3.2-fold, 13.6-fold,
and 7.2-fold for K10, FLG, and LOR, respectively; Figure 1d,
gray bars), indicating that the promoting effect of fibroblasts
was abrogated. Similar findings were observed using a second
independent clone of immortalized dKO fibroblasts (data not
shown). When the time period of cocultivation of keratino-
cytes with dKO fibroblasts was expanded (including insert
change every 2 days) the mRNA abundance of the differentia-
tion markers was further increased, but the architecture of the
keratinocyte islands hardly reached the organized structures
observed in wt cocultures (data not shown). These data
suggested a delay rather than a complete block of terminal
differentiation of keratinocytes when JNK is lost in fibroblasts.
In order to obtain a comprehensive picture on the gene
expression pattern in keratinocytes during the differentiation
process and to identify genes whose differential regulation
during this process is dependent on mesenchymal JNK, we
performed large-scale gene expression profiling using mRNA
isolated from human keratinocytes on day 0, 2, 4, and 6 of
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cultivation in the presence of wt or dKO fibroblasts. From the
set of JNK-dependent and differentially regulated genes (data
not shown), which also included K10, LOR, and FLG, we
additionally picked calmodulin-like 5 (CALML5) and desmo-
collin 1 (DSC1) (Supplementary Figure S4a online) as
representative markers for further studies as they have already
been described to be involved in keratinocyte differentiation
(Nuber et al., 1996; Mehul et al., 2001). By using this group of
late keratinocyte differentiation markers, we observed efficient
restoration of keratinocyte terminal differentiation after a 6 day
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Figure 1. Efficient keratinocyte terminal differentiation depends on Jun N-terminal kinase (JNK) in fibroblasts. Feeder-layer cocultures of normal human
epidermal keratinocytes (NHEKs) with wild type (wt) or Jnk1/Jnk2-double knockout (dKO) mouse embryonic fibroblasts (MEFs) (a, b) and transwell cocultures of
NHEKs in the absence or presence of wt or dKO MEFs (c, d). (a) Percentage of Ki67-positive NHEKs is given. (b) Green and blue for K10 immunostaining
and Hoechst 33342 counterstaining of cells, respectively. Dashed lines mark keratinocyte islands. Scale bar¼50mm. (c) NHEKs were stained for K10 and loricrin
(LOR) and counterstained with Hoechst 33342. Scale bars¼ 1,000 and 200mm. (d) Quantitative reverse transcription-polymerase chain reaction in real time
(qPCR) for keratin 10 (K10), filaggrin (FLG), and LOR in NHEKs harvested before coculture (day 0) and every second day of coculturing. Values on day 0 were set
to one. Bars represent the average of at least three independent samples±SD. *Pp0.05, **Pp0.01.
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cultivation with dKO fibroblasts when conditioned medium
from a wt coculture was transferred to the dKO coculture
every second day (Supplementary Figure S4b online). These
results underscored the crucial role of JNK-dependent fibro-
blast-derived soluble factors for promoting keratinocyte term-
inal differentiation.
Loss of both JNK1 and JNK2 in fibroblasts is necessary to
abrogate the promoting effect on keratinocyte terminal
differentiation
Both JNK1 and JNK2 were present in their active form in wt
fibroblasts as indicated by the presence of phospho-JNK1 and
-JNK2 (pJNK) as well as phospho-JUN (pJUN) at 48 hours after
coculturing with keratinocytes (Figure 2a, 48 hoursþ k).
Activation of JNK and JUN at 48 hours of coculturing was
verified for fibroblasts deficient for either Jnk1 (Jnk1 / ) or
Jnk2 (Jnk2 / ) (Sabapathy et al., 2004; Figure 2a). Immuno-
fluorescence staining of keratinocyte islands after 6 days of
coculture using single JNK-knockout fibroblasts (Figure 2b)
showed that for either JNK-knockout island the architecture
and number of LOR-positive keratinocytes
were comparable with wt cocultures, albeit coculture with
JNK1 / fibroblasts resulted in a reduced number of
K10-positive keratinocytes.
In line with this, monitoring of the transcript levels for the
keratinocyte differentiation markers K10, FLG, LOR, CALML5,
and DSC1 (Figure 2c) revealed that loss of JNK2 did not affect
the promotion of keratinocyte terminal differentiation,
although JNK1 loss mildly impeded this process as demon-
strated by slightly but significantly diminished expression of
K10 and DSC1. Most importantly, concomitant loss of both
JNK1 and JNK2 in fibroblasts resulted in severely reduced
transcript levels of keratinocyte differentiation markers, under-
scoring our above finding that dKO MEFs are not able to
support keratinocyte terminal differentiation.
Loss of JNK in cocultured fibroblasts severely disarranges the
expression pattern of genes encoding soluble factors
We assumed that differences in the repertoire of secreted
factors in the dKO MEFs may be responsible for the aberrant
cross talk with keratinocytes. Thus, we performed gene
expression profiling using mRNA isolated from the fibroblasts
of both genotypes before and after cocultivation with
keratinocytes. Comparison of the expression profile from
dKO fibroblasts with wt fibroblasts on day 0 revealed that
52% (193 out of 374) of all genes annotated to secreted
factors were deregulated in dKO fibroblasts. After 2 days of
coculture, additional genes encoding secreted proteins were
differentially regulated in dKO fibroblasts—i.e., 132 genes
post triad 1 and 2, and 152 genes post triad 3. All together, we
observed that at the point of triad 3 up to 93% of the genes
encoding secreted factors were deregulated in the dKO
fibroblasts. The identity of deregulated genes was similar for
all triads.
Findings were validated by qPCR for a selection of genes
encoding secreted proteins, which were intrinsically deregu-
lated in dKO fibroblasts such as Ptn, Slrp2, Bmp4, Wnt6, and
Cxcl12 (Figure 3a and Supplementary Figure S5a online).
Although induction of Ptn and Fgf10 transcripts in cocultures
with wt fibroblasts could be confirmed, induction of these
genes was nearly abolished in cocultured dKO fibroblasts
(Figure 3a and Supplementary Figure S5a online).
Similarly, the continuously high transcript levels of Slrp2 in
wt fibroblasts throughout the coculture experiment were lost
in dKO fibroblasts. Conversely, dKO fibroblasts exhibited
enhanced expression of Bmp4, Wnt6, and Cxcl12. These data
strongly suggested that the expression pattern of genes
encoding soluble factors is broadly disarranged in mutant
fibroblasts.
As some transcripts such as Ptn and Fgf10 were differentially
expressed in individual triads, we explored the temporal
dynamics in differential gene expression during all triads by
analyzing each triad (triad 1: Figure 3b, triad 2: Supplementary
Figure S5b online, and triad 3: Supplementary Figure S5c
online). Actually, the number of differentially regulated fibro-
blast genes encoding soluble factors in the three triads in wt
fibroblasts (black bars) is constantly increasing as keratinocyte
differentiation advances. Moreover, the genes detected in the
consecutive triads showed an almost complete overlap with
those identified in preceding triads. This observation was also
true for expression patterns in dKO cells (gray bars). However,
the soluble factor gene programs of wt and dKO fibroblasts
were largely different from each other with only very few
genes that were commonly differentially regulated during
cocultivation.
Taken together, these data demonstrated that the loss of
JNK1 and JNK2 in fibroblasts leads to an aberrant regulation of
the genetic program, which results in a completely disar-
ranged secreted factor repertoire that is required to promote
keratinocyte differentiation.
Keratinocyte terminal differentiation requires constant supply of
fibroblast-derived JNK-dependent soluble factors
Finally, we wondered whether the requirement of JNK-
dependent fibroblast-derived soluble factors to promote kera-
tinocyte terminal differentiation is restricted to a specific time
window or whether these factors must be present for the entire
coculture period. For this purpose, we exposed keratinocyte
islands to inserts loaded with wt or dKO fibroblasts in various
combinations over the period of three cultivation triads
(Figure 4a). At day 6, we monitored keratinocyte terminal
differentiation by immunofluorescence staining of the islands
for K10 and LOR (Supplementary Figure S6 online) and by
qPCR analyses for K10, FLG, LOR, CALML5, and DSC1
(Figure 4b). The triads of wt fibroblast cultivation (wt-wt-wt)
or JNK-deficient fibroblast cultivation (ko-ko-ko) served as
control for efficient and hampered keratinocyte differentiation,
respectively.
When wt fibroblasts were successively replaced by dKO
fibroblasts beginning with the first triad, keratinocyte differ-
entiation was gradually diminished reaching the lowest differ-
entiation grade in the ko-ko-ko control (four upper panels of
both Supplementary Figure S6 online and Figure 4b). Both the
amount of K10- and LOR-positive keratinocytes as well as the
transcript levels of differentiation markers analyzed were
decreased progressively.
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In a reverse approach, we substituted dKO fibroblasts by wt
fibroblasts starting with the first triad to investigate whether a
triggering of the keratinocytes by the promoting soluble factors
in the beginning of cocultivation will already be sufficient to
induce full expression of various epidermal differentiation
markers (Supplementary Figure S6 online, two lower panels
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Figure 3. Disarranged expression pattern of genes coding for secreted proteins upon Jun N-terminal kinase (JNK) loss in fibroblasts. (a) Relative transcript
levels of Ptn, Slrp2, Bmp4, Wnt6, Cxcl12, and Fgf10 in wt and dKO MEFs in the absence (pre coculture) or presence of cocultured normal human epidermal
keratinocyte (NHEKs) (post triad 1, 2, and 3) was determined by quantitative reverse transcription-polymerase chain reaction in real time (qPCR). Values of
wild-type (wt) cells at day 0 were set as one. Bars represent the average of three samples performed in two independent experiments±SD. (b) Genes identified by
microarray technology as differentially expressed exclusively in wt (upper panel) or in Jnk1/Jnk2-double knockout (dKO) mouse embryonic fibroblasts (MEFs)
(lower panel), respectively, or in both genotypes (middle panel) 2 days after coculturing with NHEKs of triad 1. fc, fold change.
Figure 2. Reduced keratinocyte terminal differentiation upon loss of Jun N-terminal kinase (JNK)1 and JNK2 in fibroblasts. (a) Levels of phosphorylated JNK
(pJNK), JUN (pJUN), total JNK, and JUN in wild-type (wt), Jnk1/Jnk2-double knockout (dKO), Jnk1 / , and Jnk2 / mouse embryonic fibroblasts (MEFs) as
indicated on the top. IL1a-treatment served as control for pJNK. b-Actin was used as loading control. pre¼pre-cultivated;  k/þ k¼ absence or presence of
normal human epidermal keratinocytes (NHEKs). (b) After 6 days coculture as specified on the top, NHEKs were stained for keratin 10 (K10) and loricrin (LOR).
Scale bars¼ 1,000 and 200mm. (c) Quantitative reverse transcriptase in real time (qPCR) for differentiation markers in NHEKs after 6 days coculture with different
MEFs as indicated. Values of NHEKs exposed to wt MEFs were set as one. Bars represent the average of six independent experiments±SD. NS, nonsignificant,
*Pp0.05, **Pp0.01, ***Pp0.001, ****Pp0.0001.
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and Figure 4b, three lower panels). However, marker analyses
revealed that efficient keratinocyte differentiation could only be
achieved when all dKO fibroblast inserts had been replaced by
wt cultures (wt-wt-wt) as illustrated by monitoring the LOR-
positive cells (Supplementary Figure S6 online) and the transcript
levels of previously tested differentiation markers (Figure 4b).
In summary, these findings demonstrated that JNK-depen-
dent fibroblast-derived soluble factors have to be continuously
present throughout cocultivation in order to promote efficient
keratinocyte terminal differentiation.
DISCUSSION
During homeostasis and re-epithelialization after wounding,
the cells of epidermis and dermis communicate via cytokines
and growth factors in a double paracrine manner to regulate
keratinocyte behavior such as proliferation and differentiation
(Werner and Smola, 2001; Szabowski et al., 2000; Werner
et al., 2007). Previous studies with heterologous cocultures
using immortalized mouse fibroblasts and primary human
keratinocytes revealed that loss of the JNK target JUN in
fibroblasts resulted in a markedly reduced keratinocyte
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proliferation, which could be attributed to a strongly reduced
expression of Fgf7, Csf2, Ptn, and Cxcl12 in fibroblasts
(Szabowski et al., 2000; Florin et al., 2005). In the present
study, by applying dKO fibroblasts to a modified coculture
system we could demonstrate that JNK has a pivotal role in the
dermal-epidermal cross talk, as loss of JNK signaling impaired
the capability of fibroblasts to promote proper temporal
regulation of terminal differentiation.
Although JNK-dependent soluble fibroblast-derived factors
were absolutely required to promote terminal differentiation of
keratinocytes, these factors were dispensable for keratinocyte
proliferation. These data are not in contrast to the previously
defined role of dermal JUN for keratinocyte proliferation
(Szabowski et al., 2000; Florin et al., 2005) as dKO
fibroblasts still exhibited residual expression of JUN
(Sabapathy et al., 2004 and Figure 2a) that apparently sufficed
to maintain the expression of JUN-regulated mitogenic factors
such as Fgf7, Csf2, and Cxcl12, which in turn are adequate to
support keratinocyte proliferation. In support of this assump-
tion, transcript levels of FGF7 and CSF2 were unchanged in
dKO fibroblasts (data not shown), whereas mRNA abundance
of CXCL12 was even increased.
Concomitant ablation of both JNK1 and JNK2 severely
impaired terminal differentiation of keratinocytes, whereas
deficiency of JNK2 did not affect this process and loss of
JNK1 mildly hampered the promoting effect of fibroblast-
derived soluble factors on keratinocyte terminal differentia-
tion. Interestingly, a prevailing role of JNK1 for skin physiology
has already been described by Weston and colleagues, who
observed that Jnk1 / Jnk2þ / mutant mice suffer from
an open-eye phenotype and epidermal immaturity, whereas
Jnk1þ / Jnk2 / mutant mice do not (Weston et al.,
2004). In light of our data it is tempting to speculate that this
phenotype is caused, at least in part, by an altered fibroblast-
keratinocyte interplay in the JNK-deficient animals as the
dermal-epidermal cross talk is also essential to regulate skin
development and homeostasis (Maas-Szabowski et al., 2001).
The role of dermal JNK1 in terminal differentiation may also
be involved in the wound-healing phenotype specifically
observed in JNK1- but not in JNK2-deficient mice (Koehler
et al., 2011). Clearly, activity of JNK and its substrate JUN in
keratinocytes has been demonstrated to have an important
role in keratinocyte proliferation and differentiation as well as
in wound healing (Gazel et al., 2006; Ogawa et al., 2008;
Connelly et al., 2011; Zhang et al., 2011; Han et al., 2012).
Presumably, the epidermal defects observed in these mouse
mutants result from alterations in both keratinocytes and
fibroblasts. Future experiments using mice with JNK1 and/or
JNK2 deficiency in either the dermal or the epidermal
compartment should provide insights into the discrete
function of the two kinases in skin development,
homeostasis, and wound healing.
Analyzing the expression pattern of the genes encoding
secreted factors of wt fibroblasts by global gene expression
revealed that a variety of genes were differentially regulated
when cocultured with keratinocytes, which is in line with
published data (Nowinski et al., 2004). Importantly, the
number of differentially expressed genes increased while the
differentiation status of the cocultured keratinocytes
proceeded. This finding indicates that the differentiation
status of the keratinocytes influences the expression of
secreted factors in fibroblasts and, thus, mirrors the mutual
interference of both cell types during wound healing and
homeostasis (Werner and Smola, 2001). Our expression
profiling analysis also revealed that the expression pattern of
genes encoding secreted proteins was severely disarranged
upon JNK loss in fibroblasts and that this pattern became even
more aberrant during the cross talk with differentiating
keratinocytes. Of all soluble factors-encoding genes
identified to be differentially regulated in wt fibroblasts
during the cocultivation, only a minority were comparably
regulated in the dKO cells. Moreover, a completely different
set of differentially expressed genes emerged from the analysis
of cocultures with dKO fibroblasts. Interestingly, among the
identified genes annotated for secreted proteins were some
that had already been described in the context of keratinocyte
proliferation, differentiation, skin development, or wound
healing, such as Fgf10 (reviewed in Steiling and Werner,
2003) and Bmp4 (Fessing et al., 2010). In preliminary
experimental approaches, however, neither the addition of
recombinant FGF10 nor that of neutralizing BMP4 antibodies
to dKO fibroblast–containing cultures rescued the keratinocyte
phenotype. Furthermore, we simulated Wnt6 upregulation in
dKO by ectopic expression of Wnt6 in wt fibroblasts, yet failed
to suppress keratinocyte terminal differentiation (data not
shown). These data strongly suggest that a combinatorial
approach rather than reconstitution of an individual JNK-
dependent ‘‘master’’ regulatory protein will be required to
restore efficient keratinocyte terminal differentiation in cul-
tures containing dKO fibroblasts.
Although JNK may also exhibit its function via influencing
protein secretion (Yoshino et al., 2006; Zhong and Kyriakis,
2007; Khalaf et al., 2010) and stability (Fuchs et al., 1998;
Alarcon-Vargas and Ronai, 2004; Lee et al., 2010; Tanahashi
et al., 2010), our gene expression profiling analysis of
cocultured fibroblasts gave insights into the regulation of the
JNK-dependent genetic program coding for secreted proteins
during coculture and the impact of JNK on the composition of
the soluble factor repertoire influencing the dermal-epidermal
cross talk controlling terminal differentiation. Thus, this study
has identified, to our knowledge previously unreported, JNK-
regulated and paracrine-acting factors from fibroblasts with a
potential impact on terminal differentiation of keratinocytes,
which could represent promising targets for chronic wound
therapy.
MATERIALS AND METHODS
Cell culture
Normal human epidermal keratinocytes (NHEKs) were isolated from
human foreskin (approval from the ethics committee: S149-2007).
Epidermis was dissected from the dermis using Dispase (Roche,
Mannheim, Germany). NHEKs were separated by Trypsin/EDTA
(Promo Cell, Heidelberg, Germany) and cultured in keratinocyte
growth medium (KGM2; Promo Cell) supplemented with 60mM
CaCl2. Wt, dKO, Jnk1
 /and Jnk2 / MEFs have been described
previously (Sabapathy et al., 2004). Before treatment with 10 ng ml 1
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IL1a (BD Biosciences, Heidelberg, Germany), wt MEFs were starved
for 24 hours using DMEM (Invitrogen, Karlsruhe, Germany) with 0.5%
fetal bovine serum (FBS). Feeder-layer cocultures have been performed
as described previously (Florin et al., 2005). For the 2-day cocultures,
we increased the cell number per cm2 to 1 104 (MEFs) and 1.3 104
(NHEKs), respectively. For the transwell coculture experiments, 2 days
before cocultivation, second to third passage NHEKs were seeded as
droplets by transferring 5ml of a NHEK suspension (4 105 cells per ml
fold change) to a 6-well plate. Two hours later KGM2 was added. One
day before cocultivation, MEFs were seeded onto cell culture inserts
(BD Biosciences) in FAD medium (Rheinwald and Green, 1975)
without CaCl2 supplemented with 5% calcium-depleted FBS (Sigma,
Taufkirchen, Germany) and 200mM CaCl2. For cocultivation, the inserts
loaded with fibroblasts together with the preconditioned FAD medium
were transferred to the NHEK droplets. MEF-loaded inserts were
exchanged every second day.
Quantitative real-time–PCR analysis
Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
Quantitative reverse transcription-polymerase chain reaction in real
time (qPCR) was performed as described previously (Leibold et al.,
2013). mRNA expression was normalized to levels of RPLP0. Primer
sequences used for PCR amplification are listed in the Supplementary
Material online.
Antibodies
The following antibodies were used: Ki67/MIB1 (Dianova, Hamburg,
Germany), K10 (SC-5318, Santa Cruz Biotechnology, Heidelberg,
Germany), IVL (I9018, Sigma), LOR (PRB-145P, Covance, Princeton,
NJ), anti-mouse Cy3 (Dianova), anti-rabbit Alexa 488 (Invitrogen),
pJNK (#4671), pJUN (92651/9164), JUN (9165), anti-mouse
horseradish peroxidase (HRP, #7076) and anti-rabbit HRP (#7074)
(Cell Signaling, Frankfurt, Germany), JNK (#554285, BD Biosciences),
b-actin (A5441, Sigma), and anti-BrdU antibody (NA20, MerckCal-
biochem, Darmstadt, Germany).
Image acquisition
Digital images of feeder-layer cocultures were taken by fluorescence
microscopy using a LEICA microscope (Leica GmbH, Wetzlar,
Germany) and a BZ-8000 (Keyence, Osaka, Japan). Images of transwell
cocultures were taken using a Nikon microscope (Nikon, Du¨sseldorf,
Germany) and a Nikon DS-Qi1Mc black and white camera.
Microarray
Gene expression profiling was performed at the Genomics and
Proteomics Core Facility at the German Cancer Research Center
using the whole-genome Illumina HumanWG-6 v3.0 and HumanHT-
12 V3.0 as well as Illumina MouseWG-6 v2.0 expression beadchip
(Illumina, San Diego, CA) for NHEKs and MEFs, respectively. The
data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSE48614 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48614). For data
processing, raw data were normalized using the quantiles method
reference tool (Irizarry et al., 2003; Smyth and Speed, 2003) and data
were IQR-filtered at 0.5 to remove genes with low overall intensity or
high variability (Gentleman et al., 2005). For MEFs, the remaining
4,102 data sets represented 3,374 genes including the 374 genes
annotated for soluble factors according to the secreted proteins-
database (http://spd.cbi.pku.edu.cn/). In order to identify differences
in the repertoire of secreted factors of wt and dKO fibroblasts, we
determined the data sets with a false discovery rate of Po0.05
(Klipper-Aurbach et al., 1995) in dKO as compared with wt
fibroblasts on day 0, 2, 4, and 6.
Statistical analysis
For statistical comparisons between two samples, unpaired Student’s
t-test was used with Po0.05 considered to be statistically significant.
Statistical analysis of more than two groups was performed using
analysis of variance with Dunnett’s post hoc test.
Additional information on material and methods is provided in the
Supplementary Material online.
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